Environmental and social factors have profound impacts on immune homeostasis. Our work on environmental enrichment (EE) has revealed a novel anti-obesity and anticancer phenotype associated with enhanced activity of CD8 + cytotoxic T lymphocytes in secondary lymphoid tissues. Here we investigated how an EE modulated thymus and thymocyte development. EE decreased thymus mass and cellularity, decreased the double positive thymocyte population, increased the proportion of CD8 + T cells, reduced the CD4:CD8 ratio, and downregulated CD69 expression in T cells. In a model of multiple sclerosis: experimental autoimmune encephalomyelitis (EAE), EE alleviated symptoms, inhibited spinal cord inflammation through regulation of type 1 T-helper cells mediated by glucocorticoid receptor signaling, and prevented EAE-induced thymic disturbance. Our mechanistic studies demonstrated that hypothalamic BDNF activated a hypothalamic-pituitary-adrenal axis mediating the EE's thymic effects. Our results indicate that a lifestyle intervention links the nervous, endocrine, and adaptive immune system, allowing the body to adapt to internal and external environments.
Introduction
The thymus is the primary organ providing the microenvironment for T cell development and plays a vital role in maintaining immune homeostasis (Starr et al., 2003) . Thymocyte selection is responsible for the development of a self-tolerant T cell repertoire capable of responding to foreign antigens. The selective processes require occupancy of the T cell receptor (TCR) by peptide-loaded MHC-encoded molecules (self pMHC). The bone marrow-derived primitive thymocyte precursors expressing neither TCR nor CD4 or CD8 molecules, are called doublenegative (DN) cells. Their maturation involves a productive rearrangement of the TCR locus followed by upregulation of CD4 and CD8 molecules. The majority of CD4 + CD8 + double-positive (DP) thymocytes fail to express TCR with sufficient avidity to rescue them from a default apoptotic pathway termed "death by neglect" (Starr et al., 2003; Klein et al., 2014) . Thymocytes expressing TCRs with high avidity for self over a certain threshold are then eliminated by apoptosis (negative selection) (Starr et al., 2003; Klein et al., 2014 from the thymus to the periphery, which includes secondary lymphoid tissues (SLT) and other tissues. This process is called positive selection (Starr et al., 2003) . Extensive evidence has illustrated the crosstalk between the nervous and immune systems via multiple pathways (Maroder et al., 2000) . The brain can modulate immune cell development and the various stages of an immune response via signaling to target cells of the immune system. This process occurs primarily through direct sympathetic innervation of primary and secondary lymphoid organs and through hypothalamicpituitary-adrenal axis (HPA) hormonal outflow. Many signaling molecules and their receptors that were initially thought to be endogenous to nervous and endocrine systems, have been found in the immune system, including neurotransmitters, neuropeptides, and hormones (Blalock, 1994) . These signaling molecules can arise from different sources within the three systems to act upon multiple targets. This indicates that the body's major adaptive systems (nervous, endocrine, and https://doi.org/10.1016/j.bbi.2018.09.028 Received 11 April 2018; Received in revised form 24 September 2018; Accepted 30 September 2018
